Piezoresponse scanning force microscopy measurements performed on lead zirconate titanate mesoscopic structures revealed a negative shift of the initial piezoelectric hysteresis loop. The shift is dependent on the size of the structure and is most probably due to the pinning of ferroelectric domains at the free lateral surface and ferroelectric-electrode interface. Considering a simple model, the thickness of the pinned domain layers is found to be about 15 and 70 nm at the ferroelectric-electrode interface and lateral free surface, respectively. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1385184͔
Piezoresponse scanning force microscopy measurements performed on lead zirconate titanate mesoscopic structures revealed a negative shift of the initial piezoelectric hysteresis loop. The shift is dependent on the size of the structure and is most probably due to the pinning of ferroelectric domains at the free lateral surface and ferroelectric-electrode interface. Considering a simple model, the thickness of the pinned domain layers is found to be about 15 It is well known that the reduction of the characteristic size of ferroelectric structures in the mesoscopic regime may result in finite size effects. Successful patterning of nanoscale ferroelectric structures using focused ion-beam sputtering or electron beam direct writing 1,2 together with nanoscale measurements based on scanning force microscopy ͑SFM͒ 3 enabled experimental studies of finite size effects in single mesoscopic ferroelectric structures.
By piezoresponse SFM previous work has shown that no major changes in the ferroelectric behavior occur as the lateral size of ferroelectric lead zirconate titanate ͑PZT͒ structures decreases from 1 down to 0.1 m. 4, 5 However, further experiments revealed that the piezoelectric SFM signal indicates an initial preferred negative orientation of the polarization-an effect that increases as the size decreases down into the 100 nm region. In order to experimentally prove such a size-related effect, ferroelectric PZT 30/70 structures of 110 nm thickness and lateral sizes of 1, 0.5, 0.25, and 0.1 m were patterned on conducting SrTiO 3 :Nb ͑100͒ substrates by electron beam direct writing. Using piezoresponse SFM, initial piezoelectric hysteresis loops were acquired from the above structures. Fabrication details, general properties, and details on the experimental piezoresponse SFM procedure are published elsewhere.
2, 6 To avoid any experimental artifacts, the measurements were performed during the same experimental session and using the same SFM tip on three to five cells from each lateral size. The results presented in Fig. 1 show as the first important feature that there are no major changes in general ferroelectric behavior as the lateral size decreases by one order of magnitude. Both hysteresis parameters, viz. the remanent piezoelectric constant 2d zz ͑directly associated with the remanent polarization͒ and the coercive field 2E C remain unchanged within experimental errors. However, the vertical offset of the hysteresis loop depends directly on the size of the structures, i.e., the hysteresis loops of smaller structures are strongly vertically shifted in the negative direction. 7 An asymmetry of a ferroelectric hysteresis loop in ferroelectric materials is usually caused by the preference of a certain polarization state over the other. This phenomenon is called imprint and is also observed in macroscopic measurements. 8, 9 In macroscopic measurements of ferroelectric polarization this asymmetry may result in a shift of the hysteresis loop along the electric field axis, as the vertical position of the loop is arbitrarily set. This is due to the polarization measurement which is performed by charge integration, thus requiring an integration constant which is chosen arbitrarily. Therefore, the polarization hysteresis loops are usually centered along the polarization axis 10 and, as a consequence, the imprint in the ferroelectric capacitor appears as a shift along the field axis, and is described in terms of an internal bias field. 9, 11 In contrast, the displacement measured in any piezoelectric-based method is perfectly well defined, and has an absolute value. The estimation of the polarization value from the piezoelectric data is considered an absolute method to determine the ferroelectric polarization.
12,13 A vertical shift or offset along the d zz axis ͑z is the direction of the applied field͒ of a piezoelectric hysteresis loop can be associated with regions having a nonswitching polarization and, therefore, a preferred polarization direction. This vertical shift can be identified with a polarization imprint. A quantitative measure of this imprint may be the relative hysteresis loop offset ⍀ defined as the median of the d zz signals at zero field ͑remanent piezoelectric coefficients͒ with respect to the distance between them a͒ Electronic mail: malexe@mpi-halle.mpg. de   FIG. 1 . Remanent piezoelectric hysteresis loops of PZT cells with: ͑a͒ 1000, ͑b͒ 500, ͑c͒ 250, and ͑d͒ 100 nm lateral size.
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where d zz ϩ and d zz Ϫ are the remanent piezoelectric coefficients read from the hysteresis loop including their sign. The relative hysteresis offset, calculated from the measurements performed on the PZT structures and shown in Fig. 1 , is plotted in Fig. 2 .
In order to explain the shift in the piezoelectric hysteresis loop and its size dependence we can assume that the lateral surfaces of the patterned structure and the electrodeferroelectric interface generate regions in which the polarization can not be switched, i.e., pinned domains of negative polarization direction ͑in this case͒. There have been previous reports in the literature on vertical shift of the piezoelectric hysteresis loop 14, 15 and other asymmetries in electrical properties 16 for epitaxial PZT films. According to these studies, the lattice mismatch between film and substrate causes strong elastic in-plane strains in the film that build up a region with fixed polarization at the interface, i.e., a layer in which the ferroelectric domains are pinned. The orientation of this strain-induced polarization depends on the sign of the lattice mismatch. If the latter is positive the polarization is directed towards the ferroelectric film. The size effect in this case results from the fact that the influence of the nonswitching layer, which is supposed to have a constant thickness for a given ferroelectric-substrate interface, becomes more important as the thickness of the ferroelectric film decreases. However, in our case the lattice mismatch plays no role since the PZT structures are not epitaxial, but polycrystalline with an average grain size of about 20 nm. Therefore, the pinning effect should have a different microscopic origin. As the aim of this letter is not to specify the microscopic origin of the pinning effect, it can only be speculated that the pinning effect is closely related to defects such as oxygen vacancies and surface/interface defects. It is generally recognized that free surfaces and metal-ferroelectric interfaces have a high surface/interface defect density and play a significant role in the ferroelectric switching mechanism including domain pinning. 17 We are also aware that a shift of the ferroelectric hysteresis loop can also be generated by different top and bottom electrodes ͑which here is also the case͒, but in our view this type of shift should not occur in piezoelectric measurements and should not be size dependent.
Based on the above assumptions, a simple model can be sketched if it is additionally assumed that the piezoresponse signal is proportional to the normal component of the polarization. 18 The negatively pinned volume generated by the lateral free surfaces and the metal-ferroelectric interface, as depicted in Fig. 3 , is proportionally contributing only to the negative signal while the switching core of the structure is contributing to both positive and negative signals.
where V ϩ is the volume of the switching core and V Ϫ is the volume of the entire cell.
As the two surface types, viz. the free lateral surface and the electrode-ferroelectric interface, are different in terms of defect type and defect density, it is expected that the corresponding thickness of the pinned domains is different, namely ␤ and ␦ for the free surface and electrode interface, respectively. Considering the notation in Fig. 3 the volumes from Eq. ͑2͒ can be written
where d and h are the lateral size and height of the entire structure, respectively. Using Eq. ͑1͒, the offset ⍀ can easily be written as
The fit of the above expression to the experimental data, considering ␦ and ␤ as fitting parameters, results in a fairly good agreement with the experimental data, as seen in Fig. 2 .
The obtained values for the thickness of the pinned domains are ␦ϭ(15Ϯ8.9) nm and ␤ϭ(68.9Ϯ7.4) nm.
Certainly the microscopic origin of the pinning at the interfaces can not be inferred from the above model, but it is worth to mention that the obtained thickness of the pinned layer at the electrode-ferroelectric interface, ␦ is fairly consistent with the thickness of two layers which are now under debate. The one is a high-density oxygen vacancy layer of about 10 nm thickness associated with domain pinning in the fatigue model of Scott and Dawber, 19 and the other is the depletion layer estimated to be also below 10 nm. 20, 21 According to the above estimation of ␤ the free lateral surface is pinning a layer of about 70 nm thickness. This simply makes a ferroelectric structure with a lateral size below about 100 nm to be initially imprinted in the negative direction. Our piezoresponse-SFM measurements on PZT structures of 75 nm lateral size shown in Fig. 4 confirm this hypothesis. Finally, we would like to stress again that the above imprint effect occurs only on virgin structures and that after several switching cycles the piezoelectric hysteresis becomes centered.
In summary, piezoresponse SFM revealed a negative shift of the initial piezoelectric hysteresis loop of mesoscopic ferroelectric structures. The amount of this shift is closely related to the size of the structure and is most probably due to domain pinning at the free lateral surfaces and the ferroelectric-electrode interface. The above effect once more emphasizes the influence of the surface on the ferroelectric properties as the size of the ferroelectric structure or device decreases down to mesoscopic scales.
